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IN GIRTH WELDED PIPES 
nventionally, welding control has been used to assure that 
e quality of the weld itself is maintained. Residual 
resses and distortion result from the non-uniform 
mperature distribution form the weld process. In this 
is, an investigation into the reduction of residual 
sses and distortion is performed. Potential benefits of 
ucing these include prevention of stress corrosion 
eking, fatigue failure, brittle fracture and collapse 
ength are discussed. 
attempt to reduce residual stresses and distortion, a 
lic restraining device was designed, constructed and 
. It was then compared to several other methods being 
estigated. This hydraulic restraining device is very 
ective in reducing the radial contraction. And although 
also reduces the residual stresses, it does not change 
m from tensile to compressive as some of the other methods 
. Future considerations are also disscussed. 
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CWAFTER rl 
I N T R O D U C T I O N  
Welding is a complicated process. It is preferred over 
other joining processes because of its high joining 
efficiency, water and air tightness and mechanical properties 
over a wide range of temperatures. However, it creates 
thermal strains and stresses. 
These strains and stresses are due to the localized heat 
the welding source and the non-uniform temperature 
istribution from the weld process. Accompanying stress and 
rain is plastic upsetting. As a result residual stresses, 
rinkage, distortion, stress corrosion cracking and buckling 
y be produced. [ I ]  
In circumferential butt welds of pipes, localized 
sidual stresses and distortion are generated. The presence 
these residual stresses can be detrimental to the 
grity of the pipe, such as causing failure and stress 
rosion cracking. [2 ]  The biggest concern of 
cumferential welding is in nuclear piping and submersible 
sels. This is because residual stresses and distortion 
greatly affect fatigue and collapse strength. [3]  
Residual stresses due to welding and thermal/mechanical 
dings contribute to tensile stress. Conventional 
ircumferential girth welding produces tensile residual 
tresses on the inner surface on the pipe near the weld. 
herefore, it is advantageous to be able to control and 
uce these tensile residual stresses. 141 
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Determination of residual stresses is complex. It 
requires an understanding in metallurgy, heat transfer and 
stress analysis. [ 2 ]  There have been different methods 
investigating residual stresses during welding. This thesis 
is not concerned with the metallurgy or heat transfer but 
with reducing residual stresses and distortion in girth 
welded pipe with a restraining device. 
1.1, S o u r c e s  o-f R e s i d u a l  Eitresses 
Residual stresses exist internally to the body in the 
absence of external forces. Therefore, the stress state is 
in static equilibrium within a body, i.e. internally 
balanced. [ 5 ]  In the context of welded structures, residual 
stresses are confined to the neighborhood of the weld and 
decrease rapidly on either side of it. [6] Residual 
stresses also occur when a body is subjected to non-uniform 
temperature change, i.e. thermal stresses produced during 
welding. 
Figure 1-1 shows the changes of temperature and stresses 
that occur during welding a bead on a flat plate. Section A- 
A is ahead of the arc; therefore, the temperature change and 
stresses are zero. Section B-B is at the arc so that the 
change in temperature is rapid and uneven. Molten metal will 
not support a load; therefore, the stresses are small. Near 
the weld, the stresses are compressive because the 
surrounding metal is cooler and restrains the expansion of 
the heated weld area. At section C-C, the area has started 
2. s ect lon 
3. Sect  on 
a. Weld 
Figure 1-1: 
e. Stress u, 
Schematic Representation of 
Changes of Temperature and 
Stresses During Welding [ 7 ]  
to cool, thus contracting and causing tensile stresses. Away 
from the weld, the stresses become compressive to balance the 
ensile stresses. At section D-D, the temperature has cooled 
producing high tensile stresses at the weld and compressive 
tresses away from the weld. [7] 
By analogy to a flat plate, when two cylinders are 
elded along their circumference, one might expect the hoop 
ensile stresses near the weld, lower hoop compressive 
resses away from the weld and negligible axial stresses. 
wever, radial displacements may modify the stress 
stributions. This mode cannot take place in a flat plate 
ss it is very thin and can buckle in the regions of 
sidual compressive stresses. This radial displacement is 
e most critical distortion and is caused from 
umferential shrinkage (a form of longitudinal shrinkage). 
displacement decreases with the distance from the weld. 
re 1-2 shows that a deflected shape will decrease both 
tensile and compressive stresses but will introduce 
ing stresses in the axial direction. [ 3 ,  83 
During welding, molten metal is deposited. It is 
ected to high temperatures. This hot region cools 
dly and tends to shrink. However, the cooler surrounding 
1 prevents it from contracting. Thus, tensile stresses 
e produced near the weld. As temperature goes down, the 
eld stress increases as does the tensile stress in the 
Id. The final tensile stresses can be as high as the yield 
tress. [ 9 ,  10) 
There's a difference of opinion when it comes to the 

tatement that restraint reduces residual stress. Some 
engineers believe residual stress increases with restraint; 
ile others say it stays about the same. [ 7 ]  
S o u r c e s  o-f D i s t o r t i o n  
Distortion is the change in shape or dimensions, 
porary or permanent, of a welded part as a result of 
ding. The physical expansion and contraction are the 
cipal causes of distortion. 
uring welding the metal is initially heated and 
jected to large temperature gradients. Hence the metal 
mes weaker and is more easily deformed. The tendency for 
ion is determined by the degree of restraint present 
e weld joint. Upon cooling, the metal contracts; 
er, the surrounding cold metal tends to resist this 
kage. But if the metal is weakened enough then this 
tance is low and the metal shrinks causing distortion.[ll] 
It has been shown that distortion can be controlled on 
ven pass by lowering the heat input. However, this 
ikely requires more passes. The final distortion might 
reduced since it is the the sum of all the passes. 
ore, a more selective sequence might be used, i.e. a 
heat input on the first pass and increasing heat inputs 
h each successive pass. 
Along with the number of passes goes the amount of weld 
a1 deposited. The strength of joint is determined by its 
i m .  Excess weld metal does nothing for this strength, 
13 
ut it does increase the effective shrinkage force. By 
imited this amount, distortion can be reduced. [ll, 12) 
The amount of distortion depends on the wall thickness 
the diameter ratio of the cylinder. As the ratio becomes 
aller the distortion is greater. [I31 External restraint 
s been shown to reduce distortion also. 
O b j e c t i v e s  
In order to reduce residual stresses and distortion, two 
ks are necessary: 
1. Development of a control mechanism to exert a 
continuous force on the inner surface to 
produce compressive stresses 
2. Comparison of a six point hydraulic load source 
and a two point mechanical load source. 
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P R O B L E M S  A S S O C I A T E D  W I T H  
R E S I D U A L  S T R E S S E S  A N D  D I S T O R T I O N  
The purpose of this thesis is to reduce distortion and 
sidual stresses in girth welded piping. Before one can 
tempt to reduce these, it is beneficial to investigate some 
the problems caused by distortion and residual stresses. 
is chapter will discuss stress corrosion cracking (SCC), 
igue failure, brittle fracture, and collapse strength. 
Stress C o r r o s i o n  C r a c k i n a  
Stress corrosion cracking form 
- 
localized 
; failure that is more severe than other types of metal 
*w P i  @z attacks. Therefore, it is a combination of stress and 
te corrosion. SCC is the brittle fracture of a material that is 
bwise ductile. [7] 
enerally, it is believed that pure metals do not crack 
esult of stress corrosion. Some alloys are more 
nt to cracking than others, i.e. aluminum, copper, and 
um. [14] 
t has been observed to occur under low applied stress 
stresses at low. Therefore, other factors must be 
nt. [15] Three factors that must be present for stress 
sion cracking to occur: a state of tensile stress, a 
ive environment, and a sensitized material. If one of 
factors can be reduced, then cracking may be 
eliminated. A corrosive environment can never be eliminated 
totally; sensitized material cannot always be avoided. Thus 
emoving tensile stress is achievable. C4, 163 
No cracking has been observed when the surfaces are in 
ompression. Tensile stresses result from the presence of 
nternal (residual) stresses or an external (applied) load. 
uses may be: 
1. deformation near welds 
2. unequal cooling of metal 
3. phase change 
4. differential thermal expansion 
5. dead loading 
6. pressure differentials. 
The environment is the reason for corrosion. Metals 
ct differently according to the type of environment. f.14) 
The biggest concern of stress corrosion cracking is its 
ceptibility in the heat affected zone of stainless steel 
ents, in particular, pipe weldments in nuclear reactor 
ce. These weldments directly affect the service of 
ing-water and pressurized water reactors which have 
rienced SCC. The weldment is subjected to a complicated 
n history imposed by the heating and cooling cycle. The 
n history is more complex in a pipe weld than a plate 
(In a plate stress can be relieved by bending, while 
erential restraint restricts metal movement in a pipe 
This strain history increases the susceptibility of 
16 
F a t i g u e  F a i l u r e  
The large majority of failures that occbr in service, 
numerous and in fact are fatigue failures. Many of these 
igue failures involve welded structures. Fatigue is 
ined as the formation of a crack or cracks as a result of 
ated applications or cycles of loads each of which is 
fficient by itself. The danger of fatigue failure is 
is difficult to see and can grow slowly. There's no 
ficant dimensional change in a cracked structure so a 
may propagate through the entire structure before it is 
vered. [ 6 ,  151 
terials, stress concentration, corrosion and residual 
es contribute to fatigue failure. This thesis is only 
ed with the effect of residual stresses on fatigue 
. It has been debated whether or not compressive 
on the surface increase the fatigue strength. Some 
that crack growth is retarded by compressive stresses 
ased by tensile stresses. [14, 181 
ssure vessels, their associated pipework and other 
types of structures may be s~zbjected to a low number 
of loads. The stress that is necessary to cause 
ue to a small number of cycles is considerably 
than those necessary due to a high number of cycles. 
tresses are usually large enough to cause considerable 
deformation. Now the relationship between stress and 
i s  no longer linear but changes from cycle to cycle. 
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It is necessary to be able to improve fatigue strength 
to reduce fatigue failure. Some possible methods 
o remove or reduce the load which is causing the 
res, to improve the design or to reduce the stresses. 
duce or remove the load it is first necessary to know 
the load is. Sometimes this still doesn't reduce 
ailure. A designer can choose the type and position 
joint or make use of some technique in order to 
atigue strength. However, the designer may be 
d. Reducing stresses is one of the purposes of this 
B r i t t l e  F r a c t u r e  
ttle fracture means that separation has occurred 
plastic flow. Usually brittle refers to a specimen 
less than a few percent reduction in area. However, 
en that have been proved to be ductile may fail in a 
manner. Serious brittle fractures are more likely to 
n welded structures rather than in riveted structures. 
steels with high tensile residual stresses have 
ed catastrophic brittle fractures although the 
may be well below the yield stress of the material. 
51 Thereby reducing residual stresses will decrease 
chance of brittle fracture. 
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Collapse S t r e n g t h  
It is well known that initial distortion and residual 
resses reduce the collapse or buckling strength of 
herical and cylindrical shells subjected to external 
essure. Many papers have been written on this subject. 
perimental collapse pressures are frequently lower than the 
essure calculated from theory. This is due to the failure 
the models to meet the idealized geometry and material 
mptions of the theory. Factors that decrease collapse 
ength are distortion, thickness, weld material properties, 
dual stresses, boundary effects and loadings. [ 7 ]  
It is almost impossible to weld without introducing some 
rtion or stress. So there will be a reduction in the 
se strength. But by reducing distortion and residual 
ses collapse strength increases. 
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CHAPTEE 3 
A P P A R A T U S  D E S I G N  
The PhD Thesis by Andrew DeBiccari, [I91 showed that 
idual stresses and distortion were reduced when an outward 
ce was exerted on the inner wall of the pipe while being 
ed. The apparatus used was a mechanical turnbuckle (see 
ure 3-1). The turnbuckle is adjusted by turning rods with 
xagonal nut. Once the weld has been started, the 
uckle can not be adjusted. So when the pipe expands 
he heat of the weld, there is no longer a force being 
d on the inner wall. 
lso, there is no conclusive results between the 
mferential positioning of the heat source and the 
a1 stresses and distortions. One possible reason could 
fact that the "restraining shoes" attached to the 
kle are a two point load source. They loose their 
veness as the distance from the rod connection 
nce the mechanical turnbuckle did show evidence of 
residual stresses and di'stortion, then there is a 
ity that an improved modification of the turnbuckle 
uce residual stresses and distortion even more. The 
ification is to go from a mechanical, uncontrollable 
ckle to a controllable hydraulic restraining device. 
cond modification is to determine the number of point 
s feasible in the design. 
Figure 3-1: Mechanical Turnbuckle 1191 
C r i t e r i a  
There must be considerations in designing any apparatus. 
following are the considerations for the design of the 
ulic restraining device: 
ning shoes". These "shoes" are two (2) semicircle 
a. Employing the concept of the mechanical 
turnbuckle "restraining shoes" 
b. Ability to fit inside the pipe 
c. Ability to be controlled during welding 
d. Ability to expand and contract 
e. Employing the maximum number of point sources 
feasible 
C o n c e p t  of " R e s t r a i n i n g  Shoe" 
mechanical turnbuckle employed the concept of 
ieces of steel. Their dimensions are: 1/4" thick, 4 "  wide 
the same radius of curvature as the inner wall 
. This allows the entire outer surface of the "shoe" 
in contact with the inner surface of the pipe. 
constant force is exerted on the inner wall of the 
Welded to the midpoint of the inner surface of each 
s a nut. A 1/2" threaded steel rod screws into the 
one "shoe" while another opposite threaded steel rod 
into the nut on the other "shoe". Both steel rods 
into a common hexagonal nut. Turning this hexagonal 
expands or collapses the mechanical turnbuckle. A gap of 
16" between the "shoes" is allowed in order for the 
rnbuckle to collapse. 
- 3 ,  D e s i g n  o-f t h e  H y d r a u l i c  
R e s t r - a i  n i  n g  D e v i  c a  
The concept of the "shoes" is still easily employed. 
The difficult aspect is to find a hydraulic restraining 
- 
vice small enough to fit 
a number of point sources. 
- 
After looking through 
inside th 
many equi 
et maximize the 
talogs, Gary Abel 
Lincoln Controls [20] was contacted. After discussions of 
idea behind the experiment, the material and the set up 
lved, Gary Abel suggested to mount individual hydraulic 
ons in a cylindrical ring to fit inside the pipe. Then 
the pistons in series with hoses to a hyraulic pump. 
Upon receiving a sample of the piston, the aid of Bruce 
ley [21] was employed. Combining the criteria imposed 
Gary Abel's suggestions the restraining device in 
e 3-2 was designed. 
The diameter of the pipe and the type of the point 
es physically limit the number of point sources to six 
or the hydraulic restraining device. Thus, there are 
(6) "restraining shoes" of equal dimensions: 4" wide, 
thick and arc length of 6" that has the same radius of 
ature as the inner wall of the pipe. A nut is welded at 
midpoint of the inner surface of the "shoe". A rod is 
readed into 
I 
Figure 3-2: Hydraulic Restraining Device [21] 
C 
each nut and is the means for the force being exerted. Thus, 
the concept of the "restraining shoes" is the same whether it 
is for two (2) or six (6) "shoes". Figure 3-3 is an 
photograph of the hydraulic restraining device. One of the 
"shoes" is screwed off to show the nut and threaded piston 
od. Figure 3-4 is an photograph showing the placement of 
he hydraulic restraining device inside a cylindrical pipe. 
The force being exerted comes from the pistons. They 
are equally spaced and screwed into an 8" diameter 
lindrical ring. The piston rod is that rod which is 
readed into the nut. Each piston has an inlet and outlet 
rt. The outlet port of one piston is connected to the 
let port of the next piston with copper tubing. The first 
let and last outlet ports connect directly to the hydraulic 
mp: a series connection. 
The piston is designed for 150 psi of air. However, it 
n also residual stresses but for this experiment it is 
7' 
equate. The intent of this thesis is to show that an 
ard force exerted on the inner wall will reduce 
tortion and residual stresses. 
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Figure 3-3: Photograph of Hydraulic 
Restraining Device 
Figure 3-4: Photograph of Hydraulic Restraining 
Device Positioned in the Pipe 
E X P E R I M E N T  TO R E D U C E  
RESIDUAL STRESSES GND DISTORTION 
The selection of the equipment, conditions and procedure 
@-. is based on the experiment performed by Andy DeBiccari. [19] 
the hydraulic restraining device is a modification of 
mechanical turnbuckle, then a comparison between the two 
desired. By including a means of controlling the pressure 
the welding and expanding the number of point sources 
the load distribution, is is expected that the residual 
sses and distortion should be less with the hydraulic 
raining device than those with the mechanical turnbuckle. 
E q u i p m e n t  
n automatic tungsten inert gas set up is the welding 
r the experiment. The power supply is the MILLER 
wave 500, DCSP, GTA/SMA. The JETLINE Engineering Arc 
Control System, Model ALC-201, regulates the water- 
orch, argon gas and voltage which in turn controls 
length. The arc length control system is mounted 
lly to a horizontal carriage traveler manufactured by 
f Union Carbide. (It is stationary for the purpose of 
periment.) The filler wire feed system is a product 
rco Heliweld. Since the torch is stationary, the 
nism for rotating the pipe is an ARONSON Positioning 
ble with a variable speed control and tilt wheel. See 
ix A for the details of the equipments' settings. 
he Daytronic 9000 Data Acquisition System is connected 
Digital Equipment Corporation MINC-23 Laboratory Data 
sing System and records the strain changes, through 
n gages, exerted on the "shoe" and piston rod during 
. Also through the use of strain gages, the VISHAY 
Digital Strain Indicator and SB-1 Switch and Balance 
ee figure 4-1 [ 2 2 ] )  determine the strain (residual 
changes in the pipe during stress relaxation. (See 
B for exerpts from the manuals for the Daytronics 
and Vishay Strain Indicator and a printout of the 
ran computer program.) Agapakis [23 ]  gives the 
s of the acquisition and the computer programs 
cal pipe. Its inside diameter is 12" with a thickness 
' The sections were cut to a length of 9 inches. 
sngth chosen the end 
- 
effects the cylinder can 
ed. See Appendix C for calculations.) There are a 
ix sections, two per weld. 
he "restraining shoes", schedule 40, low carbon 
4 "  thickness, is used. There are six (6) "shoes" 
the same radius of curvature as the inner wall of the 
ipe, 4" wide with an arc length of 6". 
e cylindrical ring holding the pistons is also 

schedule 40 steel with a 8"  diameter. 
There are a total of six (6) Air Mite pistons, Model 
DAV100-1, connected to a Enerpac P-84 hydraulic pump by high 
pressure hoses. 
Three (3) types of strain gages are used. On the 
"shoes", SR-4 FAE-25-35 S6 EL biaxial strain gages are used 
during welding. (Biaxial gages measure the strains axially 
and circumferen- tially.) This same brand should have been 
used on the piston rods also, but there wasn't enough in 
supply so a HBM 3/350LYll (biaxial) strain gage is used also 
during welding. The two are very similar but made by 
different companies. Triaxial rosette strain gages, SR-4 
R-12B-35 S6 EG are used on the inner and outer wall of the 
ipe during stress relaxation. (Triaxial gages measure the 
rains in the axial, circumferential and shear direction.) 
ee Appendix D for more details on the strain gages. 
P r o c e d u r e  
Before performing the welding procedure, two pipe 
ctions are tack welded at four evenly spaced locations [24] 
nd a grid system needed is marked on the inner wall of each 
the pipe specimens. Since the "shoe" covers an area in a 
0 angle then only one half of the "shoe" is where the data 
taken. Two reasons are behind this decision: 1) the force 
rom the "shoe" should be symmetric on either side of the 
oint source, i.e. the piston rod and 2) the limitation on 
he number of strain gages that can be hooked up to the SB-1 
31 
Switch and Balance Unit. 
Figure 4-2 is an actual photograph showing the grid 
system marked on the inner wall by +Is. There are three (3) 
grid lines, one located at 00, 150, and 300. Each + on the 
grid line is at a distance from the centerline of the weld: 
and 6.0". The diameter of each of the specimens at these 
locations are measured with a digital micrometer before 
Even though there is a pressure gage on the hydraulic 
pump, strain gages are placed on the piston rods and the 
"shoes". They are then hooked up to the Daytronic 9000 Data 
cquisition System which is connected to a Digital Equipment 
orporation MINC-23 Laboratory Data Processing System so that 
e strain change is recorded during welding. 
To ensure that the set up and welding conditions are 
rrect, a sample weld is made on a specimen that will not be 
ed as data. In order for a corngarison to be made with 
Baccari's results, the welding conditions need to be very 
milar. Through trial and error the welding conditions in 
able 4-1 are used. They vary from DeBiccari's [19] but only 
lightly. Figure 4-3 is a photograph showing the set up of 
e equipment and pipe. The pipe is clamped onto the Aronson 
ositioner and tilted horizontally. The wire feeder is 
djusted properly and the current and voltage are set; all to 
ensure the feed wire is depositing into a good weld pool. 
With this equipment set up and welding conditions, a 
ingle pass, gas tungsten arc process, circumferential weld 
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Figure 4-2: Photograph of Hydraulic Restraining 
Device in Pipe, with Grid Lines, 
set up on Aronson Positioner 
Table 4-1: Welding Conditions 
V = 11.0 volts 
I = 250 amps 
v = 3 in/min = 0.127 cm/sec 
H = 2750 Watts 
Feeder wire: diameter = 0.035 in = 0.0889 cm 
feed rate = 1.45 in/sec 
= 3 . 6 8  cm/sec 
Argon gas: 12 psi 
Tungsten : diameter = 3/32 in = 0.238 cm 
Figure 4-3: Photograph of Equipment Set Up 
(3) different specimens of cylindrical pipe. 
s not contain the hydraulic restraining 
ide while the other two (2) do. Pressures 
50 psi are set on the hydraulic pump for the 
s that contained the hydraulic restraining 
essures act as a force on the "shoe", hence 
e strain gages are hooked up to the Daytronic 
while welding. (It was discovered that the 
longer adhered to the metal after welding. 
to the heat intensity being too great for 
erefore, this data is suspect.) The 
ed naturally. The pressure in the 
ning device remains on the specimens while 
g, the diameter of each of the specimens is 
grid points previously described with the 
crometer and recorded. Then the rosette 
e located on the inner and outer surfaces of 
from the weld centerline at the 00, 150, and 
(Papazoglou's thesis [25] shows that the 
distribution is the highest at a distance of 0.5" 
-centerline of the weld.) They are coated with 
protection. Then the gages are connected to the 
or and switchbalance unit which measures the 
dual stresses are determined by the stress 
echnique [7]. A cylindrical section containing 
ages is removed from each of the welded specimens 
by a sawing method; one cut being on the weld centerline, the 
second on the other side of the strain gage the same distance 
as that from the strain gage and the weld centerline. The 
sawing is performed at a slow rate and is constantly liquid 
cooled to avoid any unnecessary changes in the residual 
stresses. The strain changes are measured and recorded. 
4 - 4 -  D i s t o r t i o n  R e s u l  t 5  
The results of the distortion measurements taken on the 
specimen without the hydraulic restraining device are shown 
in Table 4-2. This table shows shrinkage as a negative 
value. Figure 4-4 is a longitudinal profile of half of the 
pipe and compares the radius before welding to the radius 
after welding, i-e. distortion, at the 150 angular position 
only. The vertical axis is adjusted for a clearer 
comparison. 
The distortion pattern is similar for axial and angular 
positions. (Some discrepancies may be due to the inaccuracy 
of the micrometer measurements.) This is expected since the 
weld started and finished well enough away from the 
measurements and allows for an assumption of quasi stationary 
state condition. 
The distortion measurements for the specimens with the 
hydraulic restraining device are shown in Tables 4-3 and 4-4. 
Again shrinkage is shown as a negative value. The distortion 
terns are similar as in 
traint, but the 300 ang 
the specimen without the 
ular position increases slightly 
It7 0 LIT 0 0 12 0 0 0 0 CI 
N It7 r-.- U It7 O It7 0 13 O O 
. . . . . .  I . . . .  
0 0 0 d d N M M W L I 7 U l  
Distance From Weld Cenbrline (inches) 
0 before weld 4 after weld 
Figure 4-4: Longitudinal Profile of the Upper Half 
of the Pipe Comparing the Distortion 
of the Radius Before and After Welding 


from the 00 and 150 positions. Figures 4-5 and 4-6 are 
longitudinal profiles of half of the pipe and compare the 
radius before welding to the radius after welding, i.e. 
distortion, at the 150 angular position only. Again the 
vertical axis is adjusted for a clearer comparison. There is 
no explanation why the distortion measurements for the 
specimen with the 150 psi restraint are in expansion except 
that the micrometer may not have been calibrated to the 
correct reference value. 
Figures 4-7, 4-8 and 4-9 compare the distortion of the 
specimen without the restraint to the specimen with the 250 
psi restraint at the angular positions of 00, 150 and 300, 
respectively. For each angular position of the specimen with 
the 250 psi restraint, the shrinkage next to the weld 
centerline is considerably less, about 72% - 86%, than that 
of the specimen without any restraint. However, further away 
from the weld centerline, the 250 psi restraint specimen 
expands. 
150 psi Restraint 
Upper Radius 
Distance Fran Weld Centerline (inches) 
0 before weld 0 after weld 
Figure 4-5: Longitudinal Profile of the Upper Half 
of the Pipe Comparing tha Distsrtian 
of the Radius Before and After Welding 
250 psi Restraint 
Upper Radius 
Distance From Weld Centerline (inches) 
0 before wekl 6 afterweld 
Figure 4-6: Longitudinal Profile of the Upper Half 
of the Pipe Comparing the Distortion 
of the Radius Before and After Welding 
Distance from Weld Centerline (in.) 
no restraint 0 250 psi restraint 
Figure 4-7: Comparison of Distortion Results 
between specimens with no restraint 
and 250 psi restraint at 00 
Anyuiot- Pos 
Distance from Weld Centerfine (in,) 
0 no restmint 0 250 psi redraint 
Figure 4-8: Comparison of Distortion Results 
between specimens with no restraint 
and 250 psi restraint at 150 
Distance from Weld Centerline (in,) 
0 no restmint 0 250 psi restraint 
Figure 4-9: Comparison of Distortion Results 
between specimens with no restraint 
and 250 psi restraint at 300 
4-5, R e s i d u a l  S t r e s s  R e s u l t s  
The strain changes measured by the relaxation technique 
f a r  sach a f  the specimens are given in Appendix E. From the 
strain changes the residual stresses are calculated from C71: 
O x  (1-v21 <cx+ V cel (5.1) 
- ---E ---- 
O8 - (1-v2> <st)+ v E x >  
G (5.3) 
"X , and r are the measured strains for the hoop, axial 
and shear directions, respectively. E is the modulus of 
elasticity of 30 x 106 psi; is Poisson's ratio of 0.3. 
G is the modulus of rigidity or shear modulus and is 
calculated from the following equation and the above data: 
11.54 x l o6  p s i  2<l+v1 (5.4) 
The negative signs in equations (5.1), (5.2) and (5.3) 
reflect that when tensile residual stresses exist, shrinkage 
takes place during stress relaxation. The converse is true 
when compressive residual stresses exist. 
Table 4-5 shows a comparison of the residual stresses 
for the specimens. For each angular position on the inner 
surface from no restraint to 250 psi, there is a consistent 
decrease of residual stress with three exceptions. At the 
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different angular positions, there is a consistent, but 
small, increase in the stresses with the exception of three. 
All the stresses on the inner surface are in tension. 
The stresses on the outer surface are almost all 
compressive with the axial stresses being very high. They 
become more compressive with the use of the restraint. The 
stresses vary very little with the angular position. 
Figures 4-10 through 4-13 show a graph interpretation of 
this comparison for the hoop and axial stresses for both 
inner and outer surfaces. There are no graphs for the shear 
stresses because there is not a significant difference. 
The next chapter discusses these results and compares 
them to other results. 
Inner Surface 
Angubr Position (degress) 
0 no restmint 0 250 psi 
Figure 4-10: A Comparison of Hoop Stress 
on Inner Surface vs. Angular 
Position Between Specimens with 
No Restraint and 250 psi 
Inner Surface 
Angular Position (degress) 
0 no restraint 0 250 psi 
Figure 4-11: A Comparison of Axial Stress 
on Inner Surface vs. Angular 
Position Between Specimens with 
No Restraint and 250 psi 
Outer Surface 
20 
Angular Position (degrees) 
0 no restraint 0 250 psi 
Figure 4-12: A Comparison of Hoop Stress 
on Outer Surface vs. Angular 
Position Between Specimens with 
No Restraint and 250 psi 
Outer Surface 
Angular Position (degrees) 
0 no restmint 0 250 psi 
Figure 4-13: A Comparison of Axial Stress 
on Outer Surface vs. Angular 
Position Between Specimens with 
No Restraint and 250 psi 
- - - - - -  - 
D I S C U S S I O N  44ND C O N C L U S I O N S  
This chapter discusses the results of the distortion and 
residual stresses given in Chapter 4. These results are 
compared with those from other investigators. Finally, some 
conclusions are given. 
D i s c u s s i - o n :  D i s t o r t i o n  
Heat sink welding has cool water on the inside of the 
ipe while welding. This keeps the inner surface relatively 
g, cool during most of the welding. Thus there is less 
X; 
hrinkage than in a conventional weld. [26] No figure or 
umbers are given for a comparison, but the shrinkage in this 
hesis's experiment due to the hydraulic restraining device 
s also less than that in the weld without the system. 
Rybicki, et. al. [27], developed a finite-element model 
predict deflections in girth-butt welded pipes. Figure 
1 C271 shows a comparison of the computed deflections and 
experimental data. The band reflects the ranges of the 
asurements taken along axial lines at four locations, 900 
art. At 0 . 5 " ,  this range of deflection is more than twice 
at of this experiment's distortion of the specimen with no 
straint . 
Figure 5-1: Comparison of Computed Results 
and Experimental Data for 
Distortion [27] 
When comparing the distortion to DeBiccari's [I91 
results (see figures 5-2 through 5-5) as originally intended, 
the only similarity is that the distortion decreases with the 
distance away from the weld. This thesis's results had 
expected to be less than those of DeBiccari's. There's only 
a few data points that are. At the 00 location, both 
specimens has less distortion than DeBiccari's up to 1.5 
inches away from the weld centerline. But at the 300 
location it's greater. After the 1.5 inches distance this 
experiment's specimens expand instead of shrinking. One 
possible reason might be the fact the hydraulic restraining 
device provides a continuous pressure while cooling to the 
extent that it over compensates. Other than the pressure 
gage on the hydraulic pump, there's no other means to control 
this pressure. 
Figure 5-6 shows the comparison between this thesis and 
DeBiccari's of the reduction percentage of distortion for the 
restraint to that without the restraint versus the axial 
position at the 00 and the 300 angular position. For this 
thesis, the distortion near the weld centerline, i.e. the 00 
position, is reduced by 85%, whereas, in DeBiccari's it is 
reduced by 75%. As the angular position increases the 
percentage decreases, but there's still a significant 
reduction in both. However, DeBiccari's results have more of 
a reduction. Axially, away from the weld centerline, the 
reduction percentage increases but remember that the 
distortion here is less in numerical value. Therefore, the 
percentage changes rapidly with small numerical value 
No Restraint 
Angular Position: 0'
Distance from Weld Centerline (in) 
0 thisthesis + DeBiccari's thesis 
Figure 5-2: Distortion Comparison at 00 of 
Specimens without any restraint 
from This Thesis and DeBiccari's 
No Kestramt 
Angular Position; 30' 
Distance f rm Weld Centerline (in) 
0 this thesis t Miccari's thesis 
Figure 5-3: Distortion Comparison at 300 of 
Specimens without any restraint 
from This Thesis and DeBiccari's 
250 psi Restraint 
Angular Position; 0" 
10 , 
Distance frun Weld Centerline (in) 
0 this thesis t DeBiccari's thesis 
Figure 5-4: Distortion Comparison at 00 of 
Specimens with 250 psi restraint 
from This Thesis and DeBiccari's 
250 psi Restrai 
Anqular Position; 30' 
Distance from Weld Centerline (in) 
0 thisthesis + Miccari's thesis 
Figure 5-5: Distortion Comparison at 300 of 
Specimens with 250 psi restraint 
from This Thesis and DeBiccari's 
Distance from Weld Centerline (in) 
0 0: B t 070 6 30PB X 30: D 
Figure 5-6: Reduction Percentage Comparison 
axially and circumferentially 
between this thesis and DeBiccari's 
changes. Note that the end of the "shoe" in this thesis is 
at 300 and the maximum distortion is reduced by 70% while in 
DeBiccari's thesis it is at 900 and the reduction is only 5%. 
Even though figures 5-2 through 5-5 show that the hydraulic 
restraining device is not better at some specific locations, 
the percentage in reduction shows that six (6) "shoes" is 
more effective than two (2) semicircle "shoe", particularly 
at the ends. 
Using the same curved beam analysis as DeBiccari C191, 
Castigliano's Second Theorem [ 2 8 ] ,  the deflection can be 
predicted. (See Appendix F for calculations.) Figure 5-7 
shows that uniform and varying loading are very close in 
deflection prediction. The measured deflection, &my of this 
thesis is between the predicted values and the corrected 
predicted values. 
Figure 5-8 compares the stiffness of the "shoe" to the 
nondimensionalized deflection (see Appendix F for 
calculations) at the angular positions 00 and 300 at 0.25 
inches away from the weld centerline. The deflections of 
this thesis are the lines while DeBiccari's are the *. (His 
did not change for 00 and 300 positions.) This figure shows 
that DeBiccari9s "shoe" applies less pressure than this 
thesis's "shoe". (The higher pressure is intentional.) 
However, it also shows that if more pressure is exerted on 
the inner wall then the deflection is reduced. 
So for a cylinder with a given radius, the deflection 
can be determined and thereby setting the criteria for the 
stiffness at the end of the "shoe". 
Predicted Deflections 
Angular Position (degrees) 
0 unif + var 0 unir A vaP X m a s  
Figure 5-7: Deflection Prediction, Empirical 
and Corrected, for Varying and 
Uniform Loading 
Stiffness Curve 
at x = 0.25" for 0*and 30Q 
&, Nondirnensional Deflection 
U uniform bad t varying load 
Figure 5-8: Stiffness Curve at 0.25" from weld 
centerline for Angular Positions 
of 00 and 300 
5 - 2 ,  Discussion: Residual Stresses 
Figure 5-9 [29] shows the axial residual stresses on the 
inner surface a pipe at various distances from the weld 
centerline. Figure 5-10 [7] shows the stresses on both the 
inner and outer surfaces. Close to the weld on the inner 
surface, the stresses are in tension and close to the yield 
strength. It changes very rapidly from tensile to 
compression within an inch. The results in [ 24 ]  are similar. 
Because of this rapid change, this experiment only measured 
stresses close to the weld centerline and they are in 
agreement with these figures. The stresses on the outer 
surface are in compression and this thesis's results are in 
agreement with this figure. 
Heat sink welding is also used to reduce axial tensile 
stresses or even induce compressive stresses on the inner 
surface of the pipe. [30] Figure 5-11 [31] compares residual 
stresses of a conventional weld to the heat sink weld. This 
experiment does not induce compressive stresses but does 
reduce the tensile stresses on the inner surface. 
A computational model has been has been developed by 
Rybicki and McGuire. [ 4 ]  The procedure that it is used for 
is Induction Heating for Stress Improvement (IHSI). IHSI 
process consists of placing an induction coil around a welded 
pipe to heat the pipe while the interior is cooled by water. 
In the computational model, IHSI process alters the thermal 
history through the pipe wall hence producing compressive 
stresses on the inner surface of the pipe. Rybicki states 
Meld 
300 - centre  line 
Figure 5-9: Inner Surface Residual 
Stresses in a Stainless 
Steel Pipe [29] 
I I I I I I  
*OUTER SURFACE 
DISTANCE FROM WELD (,(imh) 
Figure 5-10: Residual Stresses in 
a Girth Welded, Low 
Carbon Steel Pipe [7] 
AXIAL RESIDUAL STRESS 
I D  SURFACE 
2 5 c m  ( loin. )  DIAMETER PIPE 
TYPE 304SS 
TENSION 1 
400 - (YPo) 
300 - 
ZOO - 
I 00  - 
0 
08 
400  - 
L TENSION 
Figure 5-11: A Comparison of Residual 
Stresses Between a 
Conventional Weld and 
a Heat Sink Weld [31] 
that these computed values of residual stress agree with 
experimental data. 
Rybicki and Brust [I61 uses a computational model to 
determine residual stresses for backlay welding. Backlay 
welding is sornmelier to IHSI process but the heating is 
provided by a series of axial welds deposited along the outer 
surface of the pipe. It also changes the tensile stresses on 
the inner surface to compressive stresses. The computed 
values are in agreement with experimental data. 
Table 5-1 compares the residual stresses of this thesis 
to DeBicarriYs [I91 thesis at the 00 and end of the "shoe" 
for no restraint and 250 psi restraint. On the inner 
surface, the percentage of reduction in this thesis's 
stresses, both axial and circumferential, is about half that 
of DeBiccari's. The percentage tends to increase with the 
angular position. 
On the outer surface, the circumferential stresses for 
this experiment changed from tensile to compressive while 
DeBiccari's did not. In fact, his values increased. 
One might expect that reduction percentage of the 
stresses would be similar to that of distortion since axial 
stresses are partially caused by bending stresses resulting 
from distortion. But that is not the case in this 
experiment; there's a significant difference. Thus, the 
reduction of stresses cannot predicted by distortion alone. 
This thesis does not intend to consider any of these other 
factors. 
Table 5-1: Comparison of Residual Stresses [ksi] 
Between This Thesis, * and 
DeBiccariSs, + [I91 
Inner Surface 
Position No Restraint With "Shoe" 
* + * + 
Reduction Percentage % * + 
Outer Surface 
Position No Restraint With "Shoe" 
* + * + 
Reduction Percentage % * + 
109 1183 increase 
128 increase 55 
423 increase 
54 
There is a similar pattern to the stresses reduction 
n looking at the angular positions for a particular stress 
within the same experiment. There is hardly any change in 
shear stress in either way of looking. 
The hydraulic restraining device does not change the 
er surface's stresses from tensile to compressive but does 
uce them. However, the reduction is not as much as 
ected. Even though the hydraulic restraining device has a 
ssure gage and the hydraulic pump can be controlled during 
ing, there's still no way to ensure that there is 
stant contact and uniform pressure on the inner surface. 
refore, some of the heat sink effect is lost. 
There is no analysis on residual stresses with respect 
he axial distance. The experiment is limited to 0.5 
es from the weld centerline because of the limitation on 
strain gage indicator. 
. C o n c l u s i o n s  
Distortion and residual stresses are a result of thermal 
ins and stress. As a result, stress corrosion cracking, 
gue failure, brittle fracture, and reduce in collapse 
ngth may occur. Various procedures to control distortion 
residual stresses have been investigated. 
The purpose of this thesis is to design a hydraulic 
straining device and investigate its effects on distortion 
nd residual stresses. Employing this system, measurements 
ve been taken of the distortion and strains (which residual 
71 
stresses are calculated from) on three specimens for a 
circumferential pipe weld, also known as a girth weld. The 
following conclusions are made: 
Distortion is significantly reduced, a maximum of 
85% when employing the hydraulic restraining device 
By increasing the number of point sources, i.e. 
"restraining shoes", the end of the "shoe" is more 
effective 
Distortion is reduced when pressure exerted on the 
inner wall increases 
Residual stresses cannot be predicted by distortion 
alone 
Residual stresses are reduced, a maximum of 20% on 
the inner surface and a change from tensile to 
compressive on the outer circumferential stress. 
The hydraulic pistons may limit the size of the 
device thereby limiting the size of the pipe that 
it can be used in. 
F u t u r e  C o n s i d e r a t i o n s  
Since stresses and distortion do not attain their final 
values until cooling, there is still a need to be able to 
sense the expansion and contraction of the specimen during 
welding, otherwise known as in-process control. The 
hydraulic restraining device design for this thesis can be 
controlled but it still does not guarantee that the "shoes" 
keep in contact with the inner surface. It does not have an 
in-processing sensor. Thereby, an optimum restraining force 
is still unknown. 
Instead of using a digital micrometer for measuring 
distortion, another sophisticated method should be used. 
There is a lot of room for human error with the setting of 
the micrometer. This could possibly be a reason why one of 
the specimens showed expansion instead of contraction. 
When recording the strain changes on the pistons and 
"shoes" during the weld process, continue to record the 
changes throughout the cooling period. Also.ensure the 
strain gages and bonding adhesive can withstand the high 
temperatures. 
To obtain data for more of an in depth analysis, it is 
necessary to increase the number of strain gages that can 
measured simultaneously. This is a function of the equipment 
that is available to the laboratory. 
The hydraulic restraining device, as is, cannot be used 
on smaller diameter pipes. A more thorough search is 
necessary for the design, in particular, the various sizes of 
the pistons. These pistons are also cumbersome for very 
large pipes, not to mention any pressure vessels. It would 
be more advantageous to find another means of exerting a 
continuous force. 
A P P E N D I X  A 
EQUIPMENT DETAILS 




Hi Freq Off 
Craterfill Out 
Start Current Off 
AC Balance Ignore 
Post Flow Ad just 
Bottom Right Controls Ignore 
2. JETLINE Engineering Arc Length Control System Settings: 
Voltage 11 Volts 
Up/Down Manual to position torch 
Auto to control arc length during 
weld 
Touch Retract Broken 
Start Delay Adjust accordingly 
Sensitivity Midway 
Stop Retract Adjust accordingly 
Torch Water cooled 
Argon Gas 12 psi 
3. LINDE J-GOV Traveler 
Levers adjust sideways position 
Handwheel adjusts front/back position 
Toggle switch micro-adjusts torch position, stop 
for stationary position 
4. AIRCO Heliweld Wire Feeder 
Connect to stem beside torch 
Range Switch on low 
Feed Switch position accordingly on 
Reverse/Forward/Neutral 
Speed Dial set on A+1.5 units (no operator's manual 
to convert into length per second but from 
timing and measuring this setting converts to 
1.45 inches per second) 
5. ARONSON Positioning Table 
Direction Control Box for forward or reverse 
Tilt Control Box for 0-90 degrees positioning 
Speed Controller is a turn gage but a rpm 
controller is attached to convert rpm's to 
distance per minute 
A special brace of threaded rods was made to hold 
the pipe onto the tilt wheel while in the 
horizontal position 
G P P E N D I X  B 
Operating Manuals for 
Daytronics Converter and 
Vishay Strain Indicator 
The following pages are excerpts out of manuals from 
references and [22]  and [32] and a printout of the MINC's 
Fortran computer program [23]. 
Model 9178A 
Nov. 1981 
train Gage Conditioner 
struction Manual 
The Mode1 9178A is a signal conditioner for use with resistance strain gage trans- 
ducers requiring AC excitation. It performs all necessary balancing and calibra- 
tion functions, and filters and amplifies the input signal to standard 9000 System 
levels. 
With its phase-sensitive carrier-amplifier design, this module is intended for appli- . 
cations involving transformer coupling to the transducer bridge (as with rotary- 
transformer torque sensors) or for operations that require high sensitivity with 
optimum signal-to-noise characteristics. 
Manufacturer of Intelligent Instrument Systems 
tronic Corporation 2589 Corporate Place Miamisburg, OH 45342 5131866-3300 
- 77 
Specifications and Significant I/O Connections 
Table 1. Specifications, Model 9178A 
Transducers: 4-arm bridges, 90 to 2000 ohms, Common-Mode Rejection: Greater than 120 dB. 
ominally 1 to 5 mV/V, full scale. Internal completion 
of 2-arm bridges is also possible. Output Ripple and Noise: 0.15% of full scale (rms), maxi- 
mum. 
les: 4-, 6-, or 7-wire, depending on application; 5000 
ft. maximum length. Accuracy*: 0.1% of full scale. 
e Excitation: Regulated 6 V-AC at 3 kHz. Dimensions: Standard single-width module. 
e Adjustment: 10-turn Coarse and Fine'controls; Operating Temperature Range: +40° F to +130° F (+4.4" C 
I balance 0.8 mV/V initial unbalance. to +54.A°C). 
Adlustment: 10-turn Coarse and Fine controls, 0.5 Power Requirements: Obtains power from Mainframe 
o 5 mV/V, full scale. supply. 
ts: "Prime" and "Called." Standard Five-Volt Data 
gnat (see "Appendix," 9000 Catalog). Referenced to the Five-Volt Output, and including thecombined effects 
of nonlinearity, line-voltage var~ations between 105 and 130V.ambient 
ncy Response: Selectable low-pass cutoff fie- temperature variations of t30 F degrees about starting value, and six- 
encies of 0.2,2,200, and 500 Hz; down 60 dB per months di~ft of zero and span. Rated accuracy assumes operation wtth the Modal 9530A Digital Indicator (or equivalent). using System Ref- 
ecade above cutoff. Full-scale slew time is 1.4/f erence Voltage in a ratiometric technique. Possible errors contributed 
conds, where f is cutoff frequency. by transducer or cable are not included. 




rflished) Fig. 1 Significant 110 Connections* 
82 I 
3r graphic symbols used in this f~gure. see "lntroduct~on to Input 
al Conditioners," 9000 Catalog. For standard s~gnai Interface 
iflcat~ons, bus funct~ons, and pin asstgnments, see "Append~x." 
Cafalog. 
%& k2 
I/O Connectot: Provides connection for external 
sducer. 
ut: Logic signal that places "Called Output" on 
Called Signal Bus (see "Glossary," 9000 Catalog). I 
!d Output: Analog output placed on the CalledSignal 
g: Bus when and onlv when the 9178A is in receipt of a I 
''Call Input" signai. I 
t,kne Output: Continuously available analog output 
brought to system Patch-Wire Facility for intercon- I 
ction with other system elements or peripheral I 
chronization: Allows all system 3-kHz 
signals to be synchronized from a single 
source, to prevent development of beat .. 
encies (see Step 2, below). I 
11. Installation and Cabling 
Model 9178A 
1. Carefully read the "Initial Instructions" section (IV) 
of your 9000 System Manual. 
2. OSCILLATOR SYNCHRONIZATION: Remove the 
module from its slot and make sure the Master/Slave 
Switch ("Sl" of Fig. 8) has been properly set. If your 
system contains only one 9178A and no 913Oor 9132 
modules, set the 9178A at "MASTER"; if you have 
more than one 9178A or a 9178A and one or more 
9130 or 9132 modules. set ONE of these modules 
(either a 9178A, 9130, or 9132) at "MASTER,"and the 
remaining modules at "SLAVE." Refer to your Model 
9130 or 9132 Instruction Manual for switch location. 
3. TRANSDUCER I/O CONNECTION: When conriect- 
ing a non-Daytronic transducer to the Module /I0 
Connector at the rear of the 9178A module, use the 
appropriate cabling as given in Fig. 2. When a Day- 
tronic transducer is used, the necessary cable is 
normally supplied with the system. Fig. 3 gives the 
cable for connecting a Lebow 1600 Series Rotary 
Torque Transducer (only). 
NOTE: In all but the shortest four- and six-wire ca- 
bles, extraneous voltage drops can produce signifi- 
cant errors when a "Shunt Calibration" procedure 
(described in Section Ill) is attempted. The seven- 
wire configuration, however, provides a separate 
path for "Calibration Current." thus allowing valid 
transfer of transducer calibration data, irrespective 
of cable length. For optimum accuracy, we there- 
fore recommend seven-wire cabling whenever you 
intend to perform a "Shunt Calibration." 
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mainframe power ON. Allow 5 minutes for 
ease the NULL button and bring the output read- 
to zero by means of the Coarse and Fine R 
LANCE controls. 
r accuracy is possible, it the transducer manufacturer specifies 
sely known "Equivalent Input." 
Fig. 3 Cabling for Lebow 1600 Series 
~ i g .  2 Transducer Cabling 
+ EXC 
4-WIRE CONFIGURATION 
P + EXC 
6 -WIRE CONFIGURATION 
+ EXC 
. 
7 - WIRC CONFIGURATION 
If a fixed resistor is shunted across one arm 0f.a strain 
gage bridge, it produces an unbalance equivalent to that 
of a particular value of mechanical input." If thisuEquiv- 
alent Input" value is accurately known. you Can use it as a 
reference point for calibrating the system. 
1B. First determine the "EQUIVALENT INPUT" VALUE 
for your particular combination of Shunt Calibration 
Resistance (Rc, in ohms)" and transducer. 
If the transducer manufacturer does not specify 
an "Equivalent Input" (X), you may easily calcu- 
late this value. which depends on the transducer's 
Bridge Resistance (Rb, in ohms) and Full-Scale 
Sensitivity (K, in mV/V full scale) -two variables 
almost always given by the manufacturer. Use 
this equation to find X as a percentage of full-scale 
output: 
25000 (mVN) Rb 
X = % ,  
K R, 
where Rc = 59000 ohms, unless a replacement re- 
sistor has been installed (see below). 
For example, suppose you have a load cell with a 
full-scale rating of 1000 Ib. The manufacturer 
specifies a 350-ohm bridge and a full-scale sensi- 
tivity of 2 mV/V. Using the 9178A's internal shunt 
resistor, an "Equivalent Input" would be pro- 
duced equal to 
25000 (mVN) x-350 ohms 
X = % =74.15% of a full- 
2 mV/V x 59000 ohms scale reading. 
Because only nominal values have been used, 
this is an approximation, but good for general 
calibration accuracy of 1% to 3%. 
To determine the actual input simulated by the 
shunt, simply multiply X by the rated full-scale 
capacity of the transducer. In the above example, 
this would yield 741.5 lb. 
the transducer manufacturer specifies an 
quivalent Input" for some R, other than 59 
ohms, you can either (1) replace the 59 K shunt 
the 9178A with a resistor of the value specified 
y the manufacturer, and then proceed to use the 
iven "Equivalent Input"; or (2) you can calculate 
n "Equivalent Input" usable with the installed 59 K 
alibration resistor: 
ere X, is the "Equivalent Input" simulated by 
- - - -  
specifies an " ~ ~ u ~ v a l e n t  Input" of637 lb, the" 
input simulated by the 9178A's 59-kilohm re- 




where bUt=output amplitude 
Ai,=input amplitude 
fo=selected cutoff frequency 
T=time-to-answer in seconds 
(output of filter within 0.1% 
of final value after step 
resistance specified by the Anufacturer 
For example, if the manufacturer has calibrathd a 
"000-lb. load cell usina a 39-kilohm shunt resistor. 
sistor will be 
$ 39000 ohms 
Model 9178A 
28. Follow Steps 2A through 4A of the DEADWEIGHT 
CALIBRATION procedure, above. 
38. SPAN ADJUSTMENT: Push the G A L  button. Using 
the Coarse and Fine SPAN controls, adjust the 9178A 
output to equal the "Equivalent Input" simulated by 
the shunt (i.e., the value determined in Step 18). 
48. NEGATIVE CALIBRATION: If a negative "Equivalent 
Input" is also provided, press the -CAL button, and 
confirm that the same settings of the Coarse and Fine 
SPAN controls (from Step 38) also produce this 
negative output reading. If not, see Step 5B. 
58. SYMMETRY ADJUSTMENT: If, after Step 5A or 4B, 
you find that the transducer does not behave sym- 
metrically in both positive and negative directions, 
first remove the front panel (two screws in upper 
corners) to access the Symmetry Adjustment at the 
extreme right. Do not remove the module from its 
slot. (This adjustment has been factory-set for as- 
sumed symmetrical transducer characteristics.) 
Repeat the procedure for positive calibration. Then 
press the -CAL button and adjust thesymmetrycon- 
trol to get a reading equal to the negative input ap- 
plied ("deadweighted") or simulated (by shunt). 
Fig. 4 Model 9178A Front Panel 
I I 
FREOUENCY 
Fig. 5 Low-Pass Filter Characteristics 
The only required procedure is low-pass FILTER SELEC- 
TION, by means of the two graphically coded push but- 
tons on the front panel (see Fig. 4 and the following table). 
witch 1 Switch 2 Cutoff Frequency 
IN IN 0.2 Hz 
IN OUT 2 Hz 
OUT IN 200 HE 
OUT OUT 500 Hz 
wering the cutoff frequency means more effective 
ise elimination - but also an increased time-to- 
swer ("slew time"). The equations in Fig. 5 give the 
ndamental relationships. 
e front-panel CALL indicator lights when a "Call Input" 
mmand is present. 
. Verification of Normal Operation 
In the evept of a system malfunction, the following pro- 
cedures should help you determine whether or not the 
*Model 917814 is a possible source of failure. For general 
+troubleshooting strategy, see the section entitled "Mal- 
function-Diagnosis and Repair" in the "Initial Instruc- 
tions" section (IV) of your 9000 System Manual. 
d. To verify 9178A operation, first arrange to view the 
module output directly on the system Digital Indi- 
cator (or equivalent). Remove from the mainframe 
any other modules that might unduly load the ob- 
served output signal. 
. To check ZERO and SPAN operation, 
USE JUMPER WIRE r 
TO CONNECT +EXC 
I 4 RESISTORS 
t SIG 
- SIG 7 
- EXC 3 10 
Fig. 6 Star Bridge Diagram 
cuit yourself, following the diagram in Fig. 6. (Use 
180-ohm, 10%-carbon resistors for a 350-ohm 
bridge, and 56-ohm resistors fora 120-ohm bridge. 
Solder pairs of resistors separately, and then con- 
nect the two junctions by a separate jumper wire. 
Use a short 4-wire cable, as shown.) 
c. If the abnormal conditions observed in Step 2 
have now disappeared, your original transducer 
and cable are suspect. However, if you are still 
unable to ZERO and SPAN correctly, the 9178A 
module is probably faulty. 
4. In the event of excessive output noise, you can easily 
check low-pass filter operation. Arrange to view the 
module output directly on a DC-coupled oscillo- 
scope. For proper terminals, consult the System 
Block Diagram and Mainframe Patch-Wire Connec- 
tions Drawing included in Section Ill of your 9000 
System Manual. 
a. Select the 500-Hz cutoff frequency (both buttons 
OUT). Press the +CAL button, and o b s e ~ e  the 
square-wave response of the output.' 
Establish a zero input by removing all load from 
the strain gage transducer. Attempt to zero the 
9178A output via the front-panel BALANCE con- 
trols, as in Step 4A of Section Ill. Then push the 
+CAL button and attempt to adjust the output via 
the SPAN controls, so that it equals the value of 
the "Equivalent Input" simulated by the shunt re- 
sistor (as in Step 38 of Section Ill). You may also 
confirm up-scale spanning of the 9178A by means 
of the Model 9413 Strain Gage Slmuiator, which 
connects to the 9178A Module I/O Connector (in 
place of the transducer) and has a push button for 
nsmission of a step-function input of approxi- 
tely 12 mV (i.e., 2 mV per V of excitation). 
itions appear normal, and the 9178A output 
e (free of drift) and quiet (free of excessive 
, then skip to Step 5. 
ou are unable to ZERO and SPAN correctly, you 
uld ascertain whether the fault lies in the module 
r in the transducerkable system. To.doso, you may 
ubstitute a transducer/cable known to be in 
good condition, and repeat Step 2; or 
. Connect to the 9178A 110 connector astar-bridge 
circuit in an exact condition of balance and re- 
The Model 9413 constitutes such a star bridge. 
Also, you may easily construct the necessary cir- 
b. Then select the 0.2-Hz cutoff (both buttons IN). 
Again press the +CAL button.' The response 
should now be very slow, requiring about seven 
seconds to reach final value. 
c. If the FILTER buttons have noeffect on the square- 
wave response, the module is probably faulty. If, 
however, you see the response described in Step b, 
then the noise probably originates from pickup in 
the test leads or from common-mode effects of 
ground loops or other sources. 
5. Output nonlinearity can result from a damaged 
transducer, an excessive signal level, or a faulty con- 
ditioner. If you suspect a nonlinear output, 
a. Establish a zero input by removing all load from 
the transducer, and adjust the BALANCEcontrols 
for zero output, as in Step 4A of Section Ill. (You 
may also use the Model 9413 or a similar star- 
bridge circuit to simulate a transducer in anexact 
condition of balance-see Step 3.b). Push the 
' 
+CAL button and note the displayed output-signal 
value (y,). 
b. Remove the module and replace the installed cali- 
bration resistor (r,, labelled "R86" in Fig. 8) with 
You may also use the Model 9413 Strain Gage Simulator to provide this 




3.0 DESCRIPTION OF CONTROLS 
3.1 CALIB Switch Shunts both the 1208 and 350R 
internal dummies to read I 
5 0 0 0 ~ ~  at GF=2. Thus can be i 
used either to verify instru- 1 
ment accuracy or to compensate 
for lead-wire desensitization 
3 - 2  OUTPUT Jack 
on quarter bridge operation. 
Two DC outputs available; 
requires 3-circuit plug 
(provided) . "Shank" connection 
used as ground return for both. 
Disconnects Null Meter when 
used. 
Scope output ("ring" connection) : 
j Provides filtered DC for 
observing dynamic signals with 
high-impedance scope or 
recorder (source impedance 
7,000R) . Linear range Of250 
millivolts with sensitivity 
variable (using SENSITIVITY 
Control) from approx. 0.2 to 
20 mv/u~. Noise and ripple 
approx. 3 l . 1 ~  + lmv. Flat 25% 
DC to 60 Hz. 
Galvo output ("tip" connection) : 
Provides unfiltered DC current 
to an external null meter or 
oscillograph galvanometer. 
(Meter must highly reject lkHz 
carrier components.) Suggested 
external meter: fl/2 ma, l00R 
resistance. SENSITIVITY 
control adjusts sensitivity 
from approx. 0.08 to ~LIE/IJ~. 
t h e  d e t a c h a b l e  3-wire  l i n e  
c o r d .  (Not u sed  o n  BAT 
o p e r a t i o n .  ) 
POWER S w i t c h  The o n l y  On-Off s w i t c h  o n  
t h e  i n s t r u i e n t .  Pushed to 
t h e  l e f t .  t h e  i n s t r u m e n t  w i l l  
o p e r a t e  o n  t h e  i n t e r n a l  
b a t t e r y .  Pushed t o  t h e  r ight,  
it w i l l  o p e r a t e  o n  the  AC 
power s u p p l y .  On b a t t e r y  
o p e r a t i o n ,  t h e  u n i t  i s  a u t o -  
m a t i c a l l y  s h u t  o f f  when the  
l i d  i s  c l c s e d .  
BAT TEST p u s h b u t t o n  With  t h e  POWER s w i t c h  on BAT, 
d e p r e s s i n g  t h i s  p u s h b u t t o n  
w i l l  d e f l e c t  t h e  N u l l  Meter 
t o  i n d i c a t e  b a t t e r y  c o n d i t i o n .  
~ l t h o u g h  a  weak b a t t e r y  docas 
n o t  d i r e c t l y  a f f e c t  a c c u r a c y ,  
t h e  N u l l  Meter may become 
somewhat i n s e n s i t i v e .  
SENSITIVITY c o n t r o l  A g a i n  c o n t r o l  for t h e  ampl i -  
f i e r  d r i v i n g  t h e  Nu l l  Meter ,  
The c o n t r o l  c a n  v a r y  t h e  
s e n s i t i v i t y  o f  t h e  m e t e r  by 
a  f a c t o r  o f  a p p r o x .  100 :1 ,  
Normal ly  t h i s  c o n t r o l  i s  
t u r n e d  f u l l y  c l o c k w i s e  t o  
y i e l d  a  N u l l  Meter s e n s i t i v i t y  
o f  a p p r o x i m a t e l y  40 mic ro -  
s t r a i n  f u l l - s c a l e  i n  e i t h e r  
d i r e c t i o n .  
~t l o w e r  s e t t i n g s  o f  t h e  
c o n t r o l  t h e  N u l l  Meter i t s e l f  
c a n  'be  u s e d  f o r  d i r e c t  s t r a i n  
BALANCE S w i t c h  
, , 
BALANCE Con t r 0 1  
RANGE EXTENDER 
~ u l l  Meter  
s i g n a l s  u p  t o  1 Hz. 
The SENSITIVITY C o n t r o l  i s  
a l s o  u s e d  i n  c o n j u n c t i o n  w i t h  
t h e  OUTPUT j a c k  f o r  t r u e  
dynamic  measu remen t s .  
Used t o  d i s c o n n e c t  t h e  i n i t i a l  
BALANCE c i r c u i t  i f  d e s i r e d .  
U s u a l l y  k e p t  i n  ON p o s i t i o n .  
Used t o  compensa te  f o r  t h e  
i n i t i a l  u n b a l a n c e  i n  a g a g e  
c i r c u i t  (up  t o  2 0 0 0 ~ ~ )  t o
r e a d  0000 a t  n o  l o a d .  
S u b s e q u e n t  r e a d i n g s  t h e n  a r e  
d i r e c t - r e a d i n g  " I n d i c a t e d  
S t r a i n " .  The c o n t r o l  s h o u l d  
b e  l o c k e d  a f t e r  a d j u s t i n g  on 
a  g i v e n  s t r a i n  g a g e  i n s t a l l a t i o n .  
Used t o  c h a n g e  s i g n  ( f o r  
t e n s i o n  o r  c o m p r e s s i o n  r e a d i n g s )  
and  t o  e x t e n d  t h e  r a n q e  o f  t h e  
STRAIN c o u n t e r  i n  i n c r e m e n t s  
o f  1 o , o o o u € .  
A z e r o - c e n t e r  g a l v a n o m e t e r  
u sed  t o  d e t e r m i n e  i n s t r u m e n t  
b a l a n c e  i n  a d j u s t i n g  t h e  
BALANCE and  Reba lance  k n o b s .  
Norma l ly  a l l  r e a d i n g s  a r e  
t a k e n  w i t h  t h e  p o i n t e r  o n  
" O n ,  a l t h o u g h  o t h e r  a p p l i -  
c a t i o n s  e x i s t  (see p a r a g r a p h  
3 . 6 ) .  I t  i s  a l s o  u s e d  t o  
check  t h e  c o n d i t i o n  o f  t h e  
i n t e r n a l  b a t t e r y .  
C 
L i w 1  
O C O  
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knob c l o c k w i s e  u n t i l  t h e  Meter comes t o  n u l l .  
Read t h e  STRAIN c o u n t e r  and s i g n .  
I f  t h e  Meter remains  t o  t h e  l e f t  a t  f u l l  c o u n t e r  
r e a d i n g ,  r o t a t e  t h e  RANGE EXTENDER knob c l o c k -  
wise u n t i l  t h e  Meter p o i n t e r  moves t o  t h e  r i g h t ,  
t h e n  r o t a t e  t h e  l a r g e  Rebalance knob c o u n t e r -  
c l o c k w i s e  t o  n u l l .  
Meter d e f l e c t  r i g h t :  t u r n  t h e  RANGE EXTENDER s w i t c h  
c o u n t e r c l o c k w i s e  u n t i l  t h e  Meter p o i n t e r  moves t o  
t h e  l e f t .  Then r o t a t e  t h e  l a r g e  Rebalance knob 
c l o c k w i s e  t o  o b t a i n  a Meter n u l l .  Read t h e  STRAIN 
c o u n t e r  and s i g n .  
4.1.12 The STRAIN Counte r  r e a d i n g  (meter n u l l e d )  is t h e  
" I n d i c a t e d  S t r a i n . "  A "+" q u a n t i t y  i n d i c a t e s  t e n s i o n  
i n  t h e  "Act ive"  g a g e s ,  a  "-" q u a n t i t y  i n d i c a t e s  
compress ion .  
For  t h o s e  No-Load c a s e s  where t h e  N u l l  Meter 
c o u l d  b e  n u l l e d  o n l y  by u s e  o f  t h e  l a r g e  Rebalance 
knob,  a  p r e t e s t  STRAIN c o u n t e r  s i g n  and r e a d i n g  
were o b t a i n e d  f o r  z e r o  l o a d .  The t e s t  l o a d  
shou ld  now be a p p l i e d  and t h e  Meter n u l l i n g  
p r o c e d u r e s  r e p e a t e d  u s i n g  t h e  Rebalance knob. 
03 Under t h e s e  c o n d i t i o n s ,  t h e  " I n d i c a t e d  S t r a i n "  i s  
4 de te rmined  from t h e  f o l l o w i n g  w i t h  due r e g a r d  t o  
s i g n s  : 
I n d i c a t e d  S t r a i n  = ( F i n a l  Reading) - (No-Load 
Reading)  . 
4.2 Low-Frequency Measurements ( S t a t i c  t o  1 Hz) 
O c c a s i o n a l l y ~ t h e r e  a r e  s i t u a t i o n s  i n  which a  s t r a i n  
l e v e l  i s  f l u c t u a t i n g  a t  a  s low r a t e ,  b u t  t o o  r a p i d l y  
f o r  a n  o p e r a t o r  t o  m a i n t a i n  n u l l  on t h e  N u l l  Meter. 
I n  t h e s e  c a s e s  a  s i m p l e  t e c h n i q u e  i s  a v a i l a b l e  t o  
o b t a i n  d a t a  w i t h o u t  a d d i t i o n a l  equipment .  (Accuracy 
b e t t e r  t h a n  5 p e r c e n t . )  
4.2.1 Under s t a t i c  c o n d i t i o n s  (by u s e  o f  a  s e p a r a t e  gage  
i n s t a l l a t i o n ,  i f  s t a t i c  o u t p u t  o f  a c t i v e  gage  can-  
n o t  be a c h i e v e d ) ,  t u r n  t h e  SENSITIVITY C o n t r o l  t o  
a p p r o x i m a t e l y  1 0  o ' c l o c k  p o s i t i o n .  
4.2.2 Br ing  t h e  N u l l  Meter t o  e x a c t  n u l l  w i t h  t h e  i n i t i a l  
BALANCE and/or  l a r q e  Rebalance knobs.  Note t h e  
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STRAIN r e a d i n g  and s i g n .  
R o t a t e  t h e  Rebalance knob ( i n  e i t h e r  d i r e c t i o n )  t h a t  
number of m i c r o s t r a i n  from t h e  no ted  r e a d i n g  which 
you d e s i r e  t o  r e p r e s e n t  f u l l  s c a l e  on t h e  Meter 
( u s u a l l y  a  round number, such  a s  5 0 0 ) .  
Adjus t  t h e  SENSITIVITY c o n t r o l  s o  t h a t  t h e  Meter 
d e f l e c t s  p r e c i s e l y  t o  t h e  f u l l  s c a l e  mark. 
Re tu rn  t o  t h e  o r i g i n a l  STRAIN Counter  s e t t i n g  and 
r e - z e r o  u s i n g  t h e  BALANCE C o n t r o l ,  i f  n e c e s s a r y .  
I f  r e a d j u s t m e n t  was n e c e s s a r y  i n  4 .2 .5 ,  r e t u r n  t o  
t h e  f u l l  s c a l e  s e t t i n g  and r e f i n e  t h e  SENSITIVITY 
C o n t r o l  t o  g i v e  an e x a c t  f u l l  s c a l e  i n d i c a t i o n .  
The N u l l  Meter i s  now c a l i b r a t e d  s o  t h a t  s t r a i n  
r e a d i n g s  c a n  be  t a k e n  d i r e c t l y  from t h e  N u l l  Meter 
( i n  t h e  example,  each  meter  d i v i s i o n  now r e p r e s e n t s  
50 m i c r o s t r a i n ) .  The s t r a i n  l e v e l  r e p r e s e n t i n g  
z e r o  meter  d e f l e c t i o n  ( n e e d l e  p o i n t i n g  a t  "0") 
c a n  b e  a d j u s t e d  w i t h  t h e  Rebalance knob. 
T h i s  system i s  l i m i t e d  t o  f r e q u e n c i e s  of l e s s  t h a n  
1 H z  because  o f  meter  damping and v i s u a l  l i m i t a t i o n s .  
Dynamic Measurements ( S t a t i c  t o  60 Hz) 
For  h i g h e r  f requency  dynamic measurements t h e  Por tablc  
S t r a i n  I n d i c a t o r  is  used i n  c o n j u n c t i o n  w i t h  a n  
o s c i l l o s c o p e  o r  high-input-impedance o s c i l l o g r a p h .  
The approximate  f requency  r e s p o n s e  of  t h e  scope  OUTPU' 
is  shown on t h e  f o l l o w i n g  page. Note t h a t  t h e  
i n d i c a t e d  o u t p u t  i s  abou t  one-half  t h e  t r u e  s t r a i n  
a t  abou t  150 Hz; t h e  g e n e r a l  u s e f u l n e s s  of t h i s  o u t -  
p u t  f o r  f r e q u e n c i e s  above 100 Hz w i l l  depend on 
t h e  n a t u r e  of  t h e  t e s t .  
S i n c e  t h e  s o u r c e  impedance o f  t h e  scope  OUTPUT i s  
approx imate ly  7 ,000 ohms, it i s  recommended t h a t  
t h e  o s c i l l o s c o p e  o r  o s c i l l o g r a p h  i n p u t  impedance b e  
above l o O K ,  ' p r e f e r a b l y  1 megohm. 
Connections: Using the standard 3-circuit plug 
provided, connect the scope ground to the "shankw 
connection and the signal input to the "ring" 
connection. 
While the maximum output of the scope OUTPUT is 
approximately +SO0 millivolts, it preferably should 
be used to only 2250 millivolts to maintain good 
linearity (approx. t2%) . 
Depending on the setting of the SENSITIVITY Control, 
the scale factor for the scope OUTPUT can be varied 
from approximately 0.2 to 20 microstrain per milli- 
volt. This range provides adequate flexibility for 
measuring low or high amplitude dynamic strains. 
The output can be used for measuring small dynamic 
strains superimposed on large static strains. In 
this case the static level is balanced out with the 
Indicator using the large Rebalance knob and RANGE 
EXTENDER until the dynamic trace of the strain is 
displayed symmetrically about the zero DC output 
level of the Scope OUTPUT. 
a Calibration of the scope OUTPUT can be achieved 
a 
with either shunt calibration across the active 
strain gage(s) or by use of the large Rebalance 
knob on the Indicator. Shunt calibration is some- 
what more accurate but not as convenient. 
P-350A 08ci~I.oscope Output Frequency Rempolue 
4.4 CALIBCircuit 
The internal calibration circuit only functions 
when using the internal dummy on 120Q or 3508 on 
quarter bridge operation. 
It can be used to (1) verify instrument calibration, 
(2) accurately set the GAGE FACTOR Control over a 
range of 0.2 to 10.0, and (3) compensate for lead- 
wire desensitization on quarter bridge operation, 
even when the lead resistance is not known. 
4.4.1 Instrument Calibration 
I 
a. Connect any accurate (+0.1% or better) non- 
inductive 120Q or 350Q strain gage or resistor 
in standard quarter-bridge manner. Lead 
resistance must be negligible (less than O.O5R, 
0.020 preferable) . 
b. Set GAGE FACTOR at exactly 2.000. 
c. With STRAIN counter at +0000, adjust initial 
BALANCE Control as usual. 
A. Turn CALIB Switch On. 
e. Turn large Rebalance Knob to obtain null. 
Reading should be +SO00 25 at 7s0F. 
Note: With a perfect external circuit, the tolerance 
of internal components should yield a reading 
of '~uE. However, the span of the P-350A is 
adjusted to "bracket" errors as best as possible 
over the range of the instrument. Conceivably it 
could have been set to read +Sue at 5 0 0 0 ~ ~  
because other readings tended to be negative 
up to 0.1%. Thus a relatively large error 
at +5000v& does not necessarily mean that the 
instrument is not properly calibrated. 
4 . 4 . 2  To accurately set GAGE FACTOR. 
\ Due to inherent linearity limitations on the GAGE 
FACTOR Control, settings other than 2.000 cannot be 
of p o t e n t i o m e t e r  l i n e a r i t y .  
a .  Connec t  a n y  a c c u r a t e  (+0 .1% or b e t t e r )  non- 
i n d u c t i v e  120n o r  3500 s t r a i n  gage  o r  r e s i s t o r  i n  
s t a n d a r d  q u a r t e r  b r i d g e  manner .  Lead r e s i s t a n c e  
mus t  b e  n e g l i b i b l e  ( u n l e s s  t h e  c i r c u i t  is t h e  one  
t o  b e  t e s t e d  - i n  which  c a s e  t h i s  p r o c e d u r e  
e l i m i n a t e s  t h e  e f f e c t  o f  t h i s  l e a d  r e s i s t a n c e ) .  
b.  S e t  GAGE FACTOR a t  a p p r o x i m a t e l y  t h e  d e s i r e d  
v a l u e .  
c .  With t h e  STRAIN c o u n t e r  a t  +0000,  a d j u s t  i n i t i a l  
BALANCE C o n t r o l  a s  u s u a l .  
d .  Turn  CALIB S w i t c h  On. 
e .  S e t  STRAIN c o u n t e r  a t  c a l c u l a t e d  v a l u e :  
1 0 , 0 0 0  STRAIN = --
f .  I f  N u l l  Meter i s  n o t  a t  "Ow, a d j u s t  GAGE F 
- -  
(4-1)  
'ACTOR 
C o n t r o l  s l i g h t l y  t o  g e t  "0" .  Lock GAGE FACTOR. 
03 
\D g .  Turn  CALIB S w i t c h  OFF. 
4 . 4 . 3  To compensa te  f o r  l e a d  w i r e  r e s i s t a n c e :  
A s  d i s c u s s e d  i n  p a r a g r a p h  6 . 2 . 1 ,  even  m o d e s t l y  l o n g  
l e a d  w i r e s  c a n  a f f e c t  t h e  a c c u r a c y  o f  s t r a i n  measure-  
men ts . The t r a d i t i o n a l  s o l u t i o n  i s ,  knowing t h e  
l e a d - w i r e  r e s i s t a n c e ,  to  c a l c u l a t e  a  s p e c i a l  "Gage 
F a c t o r n  f o r  t h e  i n s t r u m e n t .  The u n i q u e  CALIB c i r c u i t  
i n  t h e  P-350A p r o v i d e s  a v a r i a n t  o f  t h i s  p r o c e d u r e  
f o r  which  t h e  l e a d - w i r e  r e s i s t a n c e  need n o t  be  known: 
it i s  o n l y  a p p l i c a b l e  on  q u a r t e r  b r i d g e  c i r c u i t s  
u s i n g  t h e  i n t e r n a l  dummies p r o v i d e d .  
a .  Connec t  t h e  g a g e  t o  t h e  P-350A a s  u s u a l  ( 3 - l e a d  
e .  A d j u s t  GAGE FACTOR CONTROL t o  c e n t e r  t h e  N u l l  M e t e r .  
f .  Read GAGE FACTOR C o n t r o l  and  c a l c u l a t e  
d e v i a t i o n  f rom 2 .000 .  
g .  Apply t h i s  c a l c u l a t e d  d e v i a t i o n  t o  t h e  Gage 
F a c t o r  on t h e  s t r a i n  g a g e  p a c k a g e ;  s e t  t h i s  new 
v a l u e  i n t o  t h e  GAGE FACTOR c o n t r o l  and p e r f o r m  
t h e  d e s i r e d  t e s t s .  
Example:  I n  (f) a b o v e ,  r e a d i n g  was 1 . 9 6 5 ,  
o r  a  d e v i a t i o n  o f  -0 .035.  
Suppose  GF from package  was 2 . 0 8 0 ;  
S e t  GAGE FACTOR a t :  
2 .080 - 0.035 = 2.045 
4 .5  D e t a c h a b l e  Cover 
The ' i f i s t rument  a s  s u p p l i e d  i s  e q u i p p e d  w i t h  h i n g e s  
which  w i l l  a l l o w  removal  o f  t h e  c o v e r .  To e f f e c t  
r e m o v a l ,  bend t h e  open- s ided  p o r t i o n  o f  t h e  c o v e r  
h i n g e  upwards f a r  enough t o  c l e a r  t h e  c e n t e r  sec- 
t i o n  o f  t h e  body h i n g e .  I f  you p r e f e r  a  p e r m a n e n t l y  
a t t a c h e d  c o v e r ,  p l e a s e  d i s r e g a r d  t h e s e  i n s t r u c t i o n s .  
c i r c u i t ) .  
b .  With t h e  STRAIN c o u n t e r  a t  +0000,  a d j u s t  i n i t i a l  
































FIGURE 1: INPUT CONNECTIONS 
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5.1 The P-350A r e a d i l y  a d a p t s  t o  v a r i o u s  b r i d g e  
c i r c u i t s ,  b u t  it i s  i m p o r t a n t  t o  n o t e  t h a t  a  b a s i c  
c o n d i t i o n  f o r  p r o p e r  o p e r a t i o n  r e q u i r e s  t h a t  t h e  
i n s t r u m e n t  must  a lways  have  a  four-arm b r i d g e  
( i n t e r n a l  o r  e x t e r n a l )  a t  t h e  i n p u t  and t h i s  b r i d g e  
must  have  c e r t a i n  symmetry. Some forms o f  t h i s  
b r i d g e  a r e  t h e o r e t i c a l l y  l i n e a r  b u t  most  a r e  non- 
l i n e a r ,  a l t h o u g h  t h e  n o n - l i n e a r i t y  c a n  u s u a l l y  b e  
n e g l e c t e d .  
The most  common forms o f  b r i d g e  hook-up f o r  s t r a i n  
measurements  a r e  shown i n  F i g u r e  1. 
5 . 2  I n  q u a r t e r  b r i d g e  ( s i n g l e  g a g e )  o p e r a t i o n  good 
s t r a i n  gage  p r a c t i c e  d i c t a t e s  t h e  u s e  o f  t h e  t h r e e -  
w i r e  c i r c u i t .  However, t h e  P-350A c a n  be u s e d  
w i t h  two-wire c i r c u i t s :  S h o r t  t o g e t h e r  t e r m i n a l s  
S- and D a t  t h e  I n d i c a t o r .  
Due t o  t h e  h i g h  t e m p e r a t u r e  c o e f f i c i e n t  o f  r e s i s t a n c e  
of c o p p e r  w i r e ,  a m b i e n t  t e m p e r a t u r e  changes  o n  t h e  
l e a d  wires c a n  g i v e  a  l a r g e  f a l s e  i n d i c a t i o n  o f  
s t r a i n  when o n l y  two l e a d  w i r e s  a r e  used.  (Using 
10 f e e t  [ 3  m e t e r s ]  o f  t w i s t e d - p a i r  AWG 130 [O. 25 mm 
d i a . ]  w i r e  t o  a 120Q g a g e ,  t h e  a p p a r e n t  z e r o  c o u l d  
s h i f t  a l m o s t  200 m i c r o s t r a i n  f o r  a  10°F  [5.6OC] 
change .  Even u s i n g  AWG #20 J0 .81  mm d i a .  ] w i r e  
i n  t h i s  s i t u a t i o n ,  t h e  s h i f t  would be a b o u t  18uc.) 
The recommended t h r e e - w i r e  sys tem puts h a l f  o f  t h e  
t empera ture - induced  l e a d  w i t e  r e s i s t a n c e  change  i n  
series w i t h  t h e  dummy g a g e  w h i l e  t h e  o t h e r  h a l f  r e m a i n s  
i n  series w i t h  t h e  a c t i v e  gage .  Equal  c h a n g e s  i n  l e a d  
r e s i s t a n c e s  i n  t h e s e  a d j a c e n t  arms t h e n  do  n o t  e f f e c t  
t h e  s t r a i n  measurement.  
The b e s t  approach  i s  t o  g e t  i n  t h e  h a b i t  o f  ALWAYS 
u s i n g  t h r e e  l e a d s  -- d o n ' t  g u e s s  i t  d o e s n ' t  m a t t e r  i n  
a  p a r t i c u l a r  t e s t  and t h e n  g e t  e r r a t i c  d a t a .  
5 . 3  For  q u a r t e r  b r i d g e  o p e r a t i o n  i t  i s  s u g g e s t e d  t h a t  
t h e  S t r a i n  I n d i c a t o r  b e  a t  approx imate ly  t h e  same 
ambient  t e m p e r a t u r e  a s  t h e  a c t i v e  gage and t e s t  
s t r u c t u r e .  T h i s  is  because  t h e  "dummy" gage  i n  
t h e  I n d i c a t o r  is a l s o  a  s t a n d a r d  s t r a i n  gage  and 
produces  t h e  normal a p p a r e n t  strain (due to  non- idea l  
t e m p e r a t u r e  compensat ion.  ) F o r  "room t e m p e r a t u r e "  
t e s t i n g  between 60Q and 100dF [15O and 4 0 ° C ) ,  t h e  
r e s i d u a l  a p p a r e n t  s t r a i n  c a u s e d  by a  t e m p e r a t u r e  
d i f f e r e n c e  between t h e  " a c t i v e "  and "dummy" gages  
can  g e n e r a l l y  b e  n e g l e c t e d ,  b u t  where e i t h e r  gage i s  
below 60°F [ lS°C] ,  b e s t  z e r o  s t a b i l i t y  w i l l  b e  
ach ieved  by e i t h e r  (1) be ing  c e r t a i n  t h a t  b o t h  t h e  
a c t i v e  gage  and I n d i c a t o r  a r e  c l o s e  t o  t h e  same 
t e m p e r a t u r e  o r ,  (2 )  u s e  o f  a  t r u e  u n s t r a i n e d  
"compensat ing" g a g e  i n  t h e  env i ronment  o f  t h e  a c t i v e  
gage  
ASCII cumlriands Lo be send Lu t h e  9635 
set, t x 3  t h e  
TYPE $9' EPITECW "THE LIMITS FOR EVERY INTERVAL' 
TYPE * ? '  ( ENTER ~1 Y T ~ ~ T ~  IN I/:LO SECONDS ) ' 
ACCEPT 1~T19T2~T3 
TYPE $it ' EN'TER TIME STEP SIZE FOR EVERY IN'1"ERURL ' 
'TYPE X I '  ( T I ~ Y T I ~ ~ T I ~  IN 1/10 SECONDS)' 
TYF'E # 1 '  NOTE 'THAT THE TIME STEPS MUST bE ' 
TYPE $9' GREATER THAN OR EQUAL TO O*S SEC ! ' 
TYPE *Y' (FOR 9 STRAIN GAGES AND 5 TIiERMOCUUPLES> 





IF(T(N) +GE+T2> TX=TI3 
IF(T(N)+GE+T3) GO TO 41 
T(N+l)=T(N)+TI 
N=N+1 
GO .TO 40 
CONTINUE 
V02+5 Fri 11-AFT-86 09:40:32 
Set the 9635 r e s ~ o n s e  time to 0 (Defaul t  i s  384 msecs) 
CALL IHSEND (BUF4rNCHR49INSTR) 
CALL IBTERMO 
PAUSE ' TYPE A CARRIAGE RETURN TO START SAHPLING ! ! '  
TYPE *?'TYPE A SECOND CARRIAGE A - RETURN TO STOP ! ! '  
DO 1 2 1  J..J=XFN 
CALL G'TIPi'i( PTM3. ) 
CALL CUTT:CIY( I ' T ' M I  Y Il-Ij. r :[MI Y SSS. Y I T 1  > 
TIM.=( SI.iI-3:HO %X(SOOO, t. ( IHI-. I:MO) Sb00 + 5- ( %'S1--1:50) S%O,.t  ( I Jl.-.S7'O 1 /(!, 
IF ' ( 'TIMtI . . .T+'T(J,J> 1 GO TC) 1 
CALL G T I W ( I T M 1 )  
CALL C V T T I H ( I I M %  r I N 1  P ZMI 1 1 S l  Y ] : ' T I )  
TIM=:( I I - I 1 -SHO) t36000 ,  + ( TM1--1:EiO) t 6 O O + + i  I S 1 - l : S O ) 8 J . 0 t + (  3:7'1-.STO1/6+ 
CALL SESEND ( B U F ~ P N C H R ~ ~ I N S T R ?  
1 n ~ u . b  p a r a l l e e l  data from the 9635 
CALL SBRECV ' ~ ( B U F I N C H R ~ ~ N S T R )  
G e t  r i d  sf I,F9 (:Fir o r  u n r e a d a b l e  c h a r a c t e r s  
CALL IBSENU ( B U F ~  r N C H R ~  V'INSTR 







































IF(IY+GE+O) GO TO 122 
CONTINUE 
CONTINUE 
GO TO 125 
TYPE tr 'DO YOU WANT TCI CON'TINIJE SI 
ACCEPT 70pYNFL 
IF (YNFL-+NE+'N') GO TO 120 
LING IN THE SAME FILE (Y/N 
WRITE(15r710) T Y Y T ~ ~ T ~ Y T I ~ F T I ~ Y T I J ~ N  
FORMAT(/SXy'TIME LIMITS FOR EACH INTERVAL : ' ,3Fr10+3/ 
ISXY'TIME STEF SIZES FOR EACH INTERVAL :'~3FlO+3/ 




Storase Map for Prostram Unit +MAIN* 
Local Variables? +PSECT $DATAr Size = 030j.36 ( 6191+ words) 
Name Tsre Offset, Name T r ~ e  OffseL Name T r ~ e  Of fsuL 
I It2 030010 IHO It2 030052 IM1 1*2 030064 
I JI< I*2 030050 IL I52 030116 I L 1. It2 030120 
IMO It2 030054 IM1 It2 030066 INSTR T*2 O30Q04 
IS0 Ft2 030056 IS1 Ilk2 030070 ITMO 3 t 4  027766 






























BOT L*1 Vec $DATA 000250 000132 ( 4 5 + )  (9~3.01 
BOUT LX1 $DATA 000j.16 000132 ( 45.1 (90) 9 5 
. . .  A. r. a T. A A A A A , ~ ~  A A P . A ~ ~  I I P .  \ r q n \  
BUF2 Ltl $DATA 000050 000006 ( 3 , )  (6) 
BUF3 L%3. S;DAJR 000056 000004 ( 2 , )  (41 
BUF4 LL1 4IlATA 000062 000007 ( 4 . )  (7) 
FNAME L%1 $DATA OOOOOO 000020 ( 8 . )  ( 161  
I X  LS1 BDAJ A  00007:L 000024 ( : L O + )  ( 2 ~  1 0 )
T RY4 $DATA 000402 027340 ( 6000,) (30001 
VAL 1-t1 Vec $DATA OOOllb 000i32 ( 45+) (9,101 
Name T Y P ~  Name T w e  Name T r ~ e  Nane T r ~ e  N ~ N I ~  Type 
CVTTIM Rb4 GTIM R24 IbRECV 1#2 IESEND I22 IETERM I12 
I NI-0 152 ITTINR It2 
BOOT UP MINC 
Step 1 : 1n.sert SYSTEM DISK in the left drive ( SY: ) .  
Step 2 : Insert PROGRAM DISK in the riget drive ( DK: 1. 
Step 3 : Turn on the power switch. 
Step 4 : Enter date and time 
ex. 12-Jan-87 (return) 
14: 00 (return) 
L ~ A P  IO @ 
EDIT FILE 
Step 2 : * appears on the screen, then type FILE NAME which you 
want edit . 
Step 3 : Edit file using cursole key. 
Step I : When you finish editting, hit (gold key) (command key) 
EXIT (enter key). Thon * appears on the screen, please 
hit ctrl- C. 
COMPILE AND LINK SOURCE FILE 
MINC has only FORTRAN COMPILER. 
Step 1 : Make SOURCE FILE following the above steps. SOURCE 
FILE NAME MUST HAVE .FOR discription. tr P I  
ex. TEST. FOR 
Step 2 : Type FORT FILE NAME (re turn) .  
ex. FOR TEST 
Step 3 : T y p e  LINK FILE NAME , SY:PH%VE 3.6L16 
ex. LINK TEST, SY: FYfEW'K 
note: SY:PLTSVK is object file of plot sobroutines 
A P P E N D I X  C 
P I P E  LENGTH CALCULATIONS 
In order for the end effects of the cylinder to be 
ignored, then the length of the pipe needs to be determined 
so that the cylinder will behave as one of infinite length. 
This happens when [33]: 
1 > 2 PI = 6.86 inches 
b 
where 1 is the half length of the cylinder 
and 
b4 = 3(1-v2) = 0.915 inches4 
( W 2  
PI = 3.14159 
where v = 0.3, Poisson's ratio 
r = 6.3125", outer radius of pipe 
t = 0.3125", wall thickness 
As long as the half length of the cylinder is greater 
than 6.86 inches then the cylinder will behave as that of 
infinite length and end effects can be ignored. The half 
length of 9 inches ensures the infinite length assumption. 
A P P E N D I X  D 
STRAIN GAGES 
The electrical conductiv ity of metals is explained from 
the concepts of quantum mechanics. The theory indicates that 
a perfectly periodic metallic crystal lattice has perfect 
conductivity, zero electrical resistance. Resistance to the 
passage of electrons arises from irregular spacing of the 
metal ions. Thermal vibrating creates this irregularity. 
Hence, electrical resistance increases on heating. Residual 
stresses are a result of heating during, thus contributing to 
this electrical resistance. 1343 
Residual stresses are measured by the elastic strains 
existing in the body. Strain gages measure these strains by 
measuring the electrical resistance. A strain gage consists 
of a thin metallic foil, bonded within insulating backing 
called a carrier matrix or grid material. Figures D-1 [23] 
and D-2 [35] show a variety of strain gage configurations. 
The electrical resistance of this grid material varies 
linearly with strain. When the specimen is loaded or stress 
relieved, the strain on its surface is transmitted to the 
grid material by the adhesive and carrier matrix. The strain 
of the specimen is determined by measuring the change in the 
electrical resistance of the grid material. [36] 
(el 
Figure D-1: Various Strain Gage 
Configurations C231 
Figure D-2: Various Strain Gage 
Configurations C351 
Application of Strain Gages 
To apply the strain gages to the surface of the 
specimen, the surface is roughened with 240 grit sandpaper 
and cleaned with isopropyl alcohol. When no more 
contaminants are visual after cleaning with isopropyl 
alcohol, then the strain gage is be bonded to the surface. 
Do not touch the gage with hands, use tape or tweezers. 
To ensure the gage is in the correct position, tape it to the 
surface with transparent tape. Lift the gage leaving some of 
the tape adhered, like a hinge, and apply the catalyst to the 
back of the gage. Then apply the adhesive to the surface 
where the gage will adhere. Replace the gage on the surface, 
cover with a teflon film to protect skin from catalyst and 
adhesive, and press down firmly for approximately one minute. 
Inspect the gage for full adhesion. If not, repeat the steps 
with a new gage. If it is fully adhered, then remove the 
tape and solder leads to the terminal strip. C353 
A P P E N D I X  E 
STRAIN/STRESS CALCULATIONS 
Stress is related to strain by the following equations [ 7 ] :  





Substituting above equations into equation (E-la) gives: 
(E. lb) 
Grouping the alike terms leave: 
<I-v2> ox = E <cx+ v is8> + <v2+ V) oz (E. lc) 
For this experiment stress in z direction is zero. Therefore: 
(E. ld) 
By the same analogy: 
(E. 2b) 
Using equations (E.ld), (E.2b) and (E.4a) the stresses are 
calculated from the strain change measured from the VISHAY 
strain indicator while the specimens were cut. Tables E-1, 
E-2 and E-3 show the strain change measurements and stress 
calculations for each specimen. 
Strain/ 
Stress 
Table E-1: Strain Measurements and Stress 
Calculations for Specimen 
without Restraint 
Angular Position 
yex * l o =  -1022 -1222 










ox Ck~il -31.59 -35.08 -45.48 
Cksil 
0.00 -5.49 -8.75 
Strain/ 
Stress 
Table E-2: Strain Measurements and Stress 
Calculations for Specimen 
with 150 psi .Restraint4 
Angular Position 
rex * 10" -710 -962 
ae Cksil 27.93 35.88 
xeX Cksil 8.19 11.10 
79, * l o 6  411 
ae Cksil 1.44 
ax Cksil -34.79 
re, Cksil 
-4.74 
Table E-3: Strain Measurements and Stress 
Calculations for Specimen 
with 250 psi Restraint 
Angular Position 
&e * lo6 -300 -140 - 6 30 
x * lo6 -1145 -1277 -1602 
* l o 6  -697 -876 -1073 ?'ex 
Ue Cksil 21.21 17.25 36.61 
ax Eksil 40.71 43.48 59.04 
C ksi I 8.04 10.11 12.38 
Outer Surface 
JC l o 6  586 643 622 ?'ex 
ue Cksil -0.91 -0.46 -1.28 
C ksi 3 -40.44 -46.64 -41.75 O x  
Cksil -6.76 -7.42 -7.18 
C I P P E N D I X  F 
DEFLECTION PREDICTION AND 
RESTRAINING FACTOR CALCULATIONS 
CastiglianoJs Second Theorem [28] gives calculations for 





Using this thesis's data at 300 at x = 0.25": 
&u = &v 0.004" 
P = 0.036 *EI/RA4 
w = 0.079 *EI/RA4 
Using DeBiccari's data for same: 
&u = &v 0.003" 
p = 0.027 *EI/RA4 
w = 0.059 *EI/RA4 
Then: 
&u = 0.036133 *{l-[(theta/2)-1]cos(theta)-0.5sin(theta)} 
&v = 0.009956 *{[3theta-FI]sin(theta)+CPItheta-thetaA2]cos~tP~~~~:~~: 
Ku 0.036133 /&m 
Kv = 0.079655 /&m 
where &m is the measured distortion. However, &u and &v are 
for zero distortion at 00 and in these theses there is 
distortion at 00. So there must be a correction factor in 
the equations: 
The following table, Table F-1, gives the results of the 
above equations. 
Table F-1: Calculation Values for Deflections 




0 .2618  
0 .5236  
0 .7854  
1 .0472 
1 .3090  
1 .5708  
Theta &u &v 
degrees 
0 0 .00000 0 .00000 
15 0 .00112  0 .00118  
30 0 .00400 0 .00400  
45 0 .00784  0 .00750  
60 0 .01188 0 .01092  
75 0 .01545  0 .01374  
90 0.01807 0 .01564  
For figure 5-8, a nondimensional distortion, &e: the 
ratio of the measured distortion to the radius, is plotted 
against the restraining factor, K. The data are at 0.25" 
away from the weld centerling and for 00 and 300. The 
following table, Table F-2, show the calculated values. 
Table F-2: 
This Thesis 
Calculated Values for Nondimensional 
Deflections and Restraining Factor 
DeBiccarils Thesis 
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